I and Q Channel phase and gain misniatches are of great concern in communications receiver design. In this paper we analyse the effects of I and Q channel mismatches and propose a lowcomplexity blind adaptive algorithm to minimize this problem. The proposed solution consists of two, 2-tap adaptive filters. arranged in Adaptive Noise Canceller (ANC) set-up, with the output of one cross-fed to the input of the other. The system works as a de-conelator eliminating I and Q mismatch errors.
INTRODUCTION
With the scaling of microelectronic circuits more and more of the analog functions are replaced with their digital counterparts. Low cost and low power consumption in the handsets are the driving forces and they make the analog front-ends the bottleneck in future transceiver designs. Both low cost and low power are closely linked to the trend of full integration. However. many receivers still rely on the classic well-known narrowband analog heterodyne approach. [1] . [2] This approach relies on analog offchip components implemented in different technologies such as SiGe. GaAs, BiCMOS and CMOS [ 2 ] . [ 3 ] hence. hindering the goal of achieving higher levels of integration. The homodyne/zero-IF receiver architecture eliminates many off-chip components required by the superheterodyne receiver. However.
zero-IF receivers suffer from DC-offsets and I & Q channel mismatches [4] . The low-IF architecture alleviates all the above problems. It enables high performance and high levels of integration at the same time. The front-end of tlie low-IF receiver consists of a coarse RF filter. quadrature mixer and an ADC. The precision with which the I and Q paths can be matched detennines to what extend the image signal can be suppressed. Low-IF receivers require image rejection in the 60-90 dE3 range [5]. A typical quadrature downconverter with a phase error of 3" results in image signal suppression of only 26 dB [5] . In this paper we will analyse the effects of the phase and gain mismatch on the analog front-end's performance. We will propose a feasible and simple adaptive (blind) correction scheme that can minimise this problem.
EFFECTS OF QUADRATURE MIXER PHASE AND GAIN MISMATCHES
downconverted to a low-IF. fiF not much greater than the signal bandwidth. Hence this architecture is insensitive to parasitic baseband signals like dc-offset voltages and self-nixing products that would otherwise be generated if the signal was to be downconverted to the baseband as in the case of the zero-IF receiver [6] . Thus the need to do image signal suppression at high frequencies with a high quality RF filter is eliminated. A broadband RF filter, as used in a homodyne receiver. will suffice.
With tlie low-IF topology the image and the wanted signal are both downconverted to opposite IF frequencies rather than being superimposed [6] . However, fniite matching between the mixers and quadrature generator for the LO make it inipossible to create a perfect single positive frequency. Therefore, although in theory tlie need to do image signal suppression at lligh frequencies is eliminated. in real life it is still required due to the imbalances between the I and Q channels [6] . The precision at which the I and Q paths are matched determines the image sigial suppression performance of the low IF receiver. The following is an outline of an analysis to deternine the effects of gain and phase mismatches in a quadrature down-conversion architecture. The matching error is modeled as showi in Figure 2 [71.
Low-IF architecture has evolved from the marriage of the traditional heterodyne approach with the homodyne. With the low-IF receiver the inconling signal at fRF is directly quadrature IV-370 0-7803-6685-9/0 1/$10.000200 1 IEEE cos2nf,,t between the I and Q channels. Circle is now turned into an ellipse.
Figure 2 I and Q Phase and Gain Mismatch Model
The phase mismatch between the LO inputs of the mixers is defined as cpp. The gain mismatch between the I and Q channels is on the other hand defined by c&. These imbalances can cause the generation of an image signal that can in return limit the useful dynamic range of the receiver.
Using the model depicted in Figure 2 and input s i p a l
~( t )
= 2 COS 2wW t . we can write:
using product fomiulas:
Substituting fiF for low-pass filtering we have:
-LO) into equations (9) 
and (IO). and
The new I and Q values of Equations (11) and (12) As it can be seen from figure 3(a) . the phase error rotates the quadrature axis distorting the quadrature nlixers coordinate system. Figure 3( b) illustrates the effect of a gain nlismatch Equations (1 1) and (12) can be combined as:
From equation (13) the desired signal can be considered as and the image response as e"@". If %=I and qE=0. the desired term becomes e-J'@lr' and the image becomes zero as expected. In general. the corresponding amplitudes of the signal and image are l+c&e"PE and l-C&ej-vF, respectively. A,,x is the amplitude of the desired signal and A,,,% is the amplitude of the image signal. The image amplitude relative to the desired signal amplitude can be written in decibels as: [7] e-J2@rr 1+at2-2a, cos(cp,)\ (14) As it can be seen from the above figure in order to achieve 30 dB image suppression gain and phase errors inlist be constrained to 0.5dB and 0. ldegrees. Designing Quadrature mixers with such accuracy is not a trivial task.
SOLUTION TO GAIN AND PHASE MISMATCH ERRORS

Different solutions have been reported in the literature tackling the problem of I and Q channel imbalances [8]-[10].
The majority of these solutions rely on a pilot tone to adjust the phase and gain errors. For wideband receivers this is a tedious process since more than one test tone is required to cover the input bandwidth of the receiver. Also. test tone generation is not an error free process. It is prone to errors generating erroneous results and leading to wrong calibration values. Our novel approach differs from other approaches in that it does not make use of a test tone. lnstead we make use of blind IV-371 adaptive algorithm to combat tlie mismatch errors. We also do not try to re-orthogonalise tlie I and Q channels by means of Gram Schmidt [9] or related technique. We instead show that there exists a correlation between the I and Q cliam~els if there are phase and gain errors. In a fully matched system the I and Q channels are uncorrelated since they are orthogonal. However. in tlie presence of analog impairments this orthogonal relationship no longer exists. This results in a cross-correlation between tlie two channels. This is depicted in Figure 5 . Depending on the size of mismatch the level of cross correlation is detemhied.
Figure 5 Signal leakage model due to phase and gain errors.
Hence i and 0 can be expressed as:
As shown in Figure 6 below. cross correlation increases with tlie phase and gain errors. Phase error is varied from 22.5 to 0". and gain error is varied between 6 to 0 dBs. As it can bee seen from the graph in tlie ideal case there is no cross correlation between the I and Q channels.
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Phase error (Des) Figure 6 Cross Correlation as a function of phase and gain errors
The proposed algoritluii tries the model Hq(z) and Hi(=). Hence doing so it de-correlates the two signals. i and 0. Figure 7 below depicts our proposed solution that deals with tlie I and Q channel imbalances. Following OUT initial assumption that I and Q are uncorrelated signals such that:
Vk.
where E which satisfies (20) . Therefore. the filter Wi(z) identifies tlie crosstalk between tlie I and Q whereas Wq(z) identifies the crosstalk between the Q and I channels. Hence the crosstalk effect is eliminated.
SIMULATION RESULTS
1 and Q channels in GSM when plotted one against the other result in a circle. Any deviations from the orthogonality results in this circle turning into an ellipse. Sliowi in Figures 8. 9 and 10 are the results of tlie application of the adaptive system to quadrature mixer problem in the presence of Additive White Gaussian Noise (AWGN) and phase and gain errors. As it can be seen from the simulation results of Figure 8 . the I and Q channels were correlated by 6% this was reduced all the way down to 0.12% improvement of 97.6%. The ellipse is transformed into a circle. The plot entitled Error depicts the difference between the ideal and corrected result. The maximum amplitude error on the processed Q signal is 0.15 and 0.14 on the I signal. Another important measure is the value of I' +Q' . In a balanced system it should result in value of 1. Error plot of Figure 9 depicts this for ideal. erroneous and corrected systems. Ideal is 1. erroneous varies between 0.56 and 1.56 hence maximum deviation from the ideal is 56%. In the case of corrected system output values vary between 0.89 and 1.12 hence maximum variance from the ideal is 0.12 resulting in maxinium variance of 12%. improvement of fivefold. Figure 10 depicts the eye diagrams for three cases. As it can be seen the output of the adaptive system matches the original eye diagram.
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CONCLUSIONS
In this paper we have presented the design of a blind adaptive system to combat the phase and gain errors generated by quadrature mixer based digital receivers. We have reported on the performance of our adaptive cancellation scheme through simulation results that demonstrate substantial improvements. The algorithm is extremely simple to implement and lends itself to efftcient real-time realisation.
